Abstract-In this paper two new methods to reduce the crosstalk in WDM systems are presented. These two methods along with the present methods are analyzed and their performances are compared. The proposed methods yield better results. Both signal power and optical signal power to noise power ratio (OSNR) improve significantly.
INTRODUCTION
The researchers working in the area WDM based fiber optic systems are continuously trying to increase the information carrying capacity of such systems, in order to meet the ever increasing demand on the bandwidth. They are working very hard to increase the number of multiplexed channels, by decreasing the channel spacing, and increasing the bit (data) rate of a single channel. However, both these factors, decrease in the channel spacing and increase in the data rate, increases the crosstalk of the systems. Scientists are trying to reduce this crosstalk by employing several measures [1] [2] [3] [4] [5] [6] . On way to reduce the crosstalk is to use return-to-zero (RZ) format in place of NRZ format. The RZ format in optical communications has advantages over the more frequently used non-return-to-zero format, mainly because the RZ-modulated signal can withstand better the impact of fiber nonlinearity and polarization-mode dispersion [13] [14] [15] [19] [20] [21] [22] [23] [24] . Various schemes have been proposed to reduced the crosstalk due to the interference beating between adjacent channels wavelengthdivision-multiplexing (WDM) systems, the most widely used being the polarization interleaving method [16, 17] . However, for the very small channel spacing, the power leakage from one channel to its adjacent channels still remains. To reduce this leakage, one need to use filters with sharp spectral response, typically consisting of more than one stage-such filters are expensive, exhibit high insertion loss, and often cause large intersymbol interference (ISI). Kurgin et al. have shown that adjacent channel interference (ACI) can be reduced by the dispersion interleaving method [18] . This method utilizes the residual fiber dispersion to mitigate the interference from the adjacent channels. We here proposed modified versions of both the polarization interleaving and dispersion interleaving methods. We have analyzed all the four types of systems. The results prove that the proposed systems are superior.
POLARIZATION INTERLEAVED & DISPERSION INTERLEAVED WDM SYSTEMS
In WDM systems, after demultiplexer, amplitude of the signal incident on the nth detector is given by
where S n is the amplitude of the signal in the nth channel and γ is the fraction of the optical power leakage from the adjacent channels into the nth channel. The electrical current of nth detector will be proportional to |E n | 2 , i.e.,
The second term in (2) is the interference term that can be eliminated by means of polarization interleaving i.e., separating the odd and even channels and then polarizing them orthogonally, as shown in Fig. 1 . The third term, the "power leakage" ACI, still remains. This can be minimized by using the RZ format and time interleaving the signals.
The signals in the odd channels are delayed by a half-bit period relative to the signals in the even channels so that the peaks of all signal channels coincides with the valley of the their adjacent channels. Thus, the interference from the adjacent channels near sampling point is greatly reduced. Unfortunately, such interchannel synchronization is not practical. Therefore, for the completely asynchronous systems, there is always a chance that the peak of the signal channel and its adjacent channels coincide in time. This is the worst-case scenario that should be avoided. In case of asynchronous systems the amplitude of the adjacent channel leakage can be reduced by the process of dispersion-interleaving. In dispersion interleaved system, the dispersion-compensating fiber (DCF) is removed from either the first or the last span of the link and placed at the transmitter side for the odd channels and at the receiver side for the even channels. As a result, the channel signals arrive at their receivers with dispersion fully compensated, while the ACI arrives either under or over compensated. So the leakage peaks get smoothed and the performance improves. Dispersion interleaving improves the results and the improvement is nearly independent whether the signal channel is completely synchronized or delayed by a half bit interval with respect to adjacent channel [18] .
PROPOSED MODIFIED POLARIZATION & DISPERSION INTERLEAVED WDM SYSTEMS
In Polarization & Dispersion Interleaved WDM systems, as shown in Fig. 1 , the total channels (N ) are separated into two odd and even channels (of number N/2) in a single stage and then separated odd and even channels are multiplexed separately. In polarization interleaving (PI) systems, both odd & even channels are gone through different polarizations before interleaving. The separation of channels into odd and even channels improves capacity and spectral efficiency of WDM systems. We have proposed some modifications in above mentioned PI and DI systems. Separation of total number of channels into odd and even channels is done in several stages instead of a single stage. In first stage, N channels are divided into two odd and even channels of number N/2. In second stage, each N/2 channel is again divided into two odd and even channels of number N/4. This process is continued till the divided odd and even channels have only one number.
We have designed the system for eight channels (N = 8). Total channels, designated as n 1 , n 2 , n 3 , n 4 , n 5 , n 6 , n 7 , n 8 , are first split into odd (n 1 , n 3 , n 5 , n 7 ) and even channels (n 2 , n 4 , n 6 , n 8 ). The channels n 1 , n 3 , n 5 , n 7 are then divided into two channels, odd (n 1 , n 5 ) and even (n 3 , n 7 ). Similarly channels n 2 , n 4 , n 6 , n 8 are divided into channels (n 2 , n 6 ) and (n 4 , n 8 ). Channels (n 1 , n 5 ), (n 3 , n 7 ), (n 2 , n 6 ) and (n 4 , n 8 ) are multiplexed in the first stage. Then in the second stage, channels (n 1 , n 3 , n 5 , n 7 ) and channels (n 2 , n 4 , n 6 , n 8 ) are multiplexed, as shown in Fig. 2 . 
SYSTEM DESIGN
We have designed PI, DI, modified PI and modified DI systems and the performance of all the systems has been measured, analyzed and compared. The optical signal to noise ratio (OSNR), optical signal power, noise power and eye patterns are taken as performance measured criteria. The link distance is taken as 800 km (10 fiber spans of length 80 km The modulated signals travel a total fiber length of 800 km in the designed link, and are passed through power splitter. The demultiplexed channels are finally passed through optical filter (FabryPerot), PIN photodiode followed by an electrical amplifier and a low pass Bessel filter. In PI system eight channels are separated into two odd and even streams of four channels each. As shown as in Figure 1 , the odd and even channels are routed through optical polarizer's having vertical and horizontal polarizations, respectively, before interleaving with each other.
In dispersion interleaved system, dispersion compensating fiber is removed from the first span. It is placed on the transmitter side for odd channels and in the receiver side for even channels. In doing so, the signals in all the channels are fully dispersion compensated, while ACI is partially compensated and it is smoothed out.
In the modified DI system the separation of 8 channels are done in two stages other things remain same. The complete setup of modified DI system is shown in Figure 2 .
The modified polarization interleaved system is same as that shown in Fig. 2 . The only difference is that all DCF's placed in transmitter and receiver sections are removed and all the fiber spans are fully dispersion compensated.
RESULTS AND DISCUSSION
The Signal power, noise power and OSNR are measured for all types of systems for bit rates 10, 20 and 40 Gb/s and channel spacing of 100 GHz and 50 GHz for all the channels. For 100 GHz channel spacing, the frequencies of 8 channels are taken as 193. 1, 193.2, 193.3 193.4, 193.5, 193.6, 193.7 and 193.8 THz, respectively and for channel spacing of 50 GHz the channel frequencies are taken as 193. 1, 193.15, 193.2, 193.25, 193.3, 193.35 193.4 and 193.45 THz.
It is observed that trend in measured values are almost same for all the channels. The measured values of signal power, noise power and OSNR at a particular channel for all four types of systems are shown in Tables Improvement in the performance of DI , modified PI and modified DI systems over PI system is calculated and results are given in Tables 7-10 .
Eye patterns are also observed in each case and the observed patterns for 100 GHz channel spacing and 40 GBPS are shown in Fig. 3 . 
CONCLUSIONS
It is observed that modified PI and modified DI systems are better than the PI & DI systems proposed earlier. The modified PI system is better than PI & DI systems. The modified DI system is the best among all four types of systems. There is a significant improvement in the performance of the modified systems. Both signal power and OSNR have improved significantly. Noise power also increases but increase in noise power is less than the increase in signal power. As a result OSNR increases considerably. The improvement in signal power and OSNR slightly decreases with increase in data rate and decrease in the channel spacing.
